Introduction
============

The diagnosis of autism is currently based on observed behavioral characteristics, without the aid of biological markers. The triad of behavioral impairments that characterize this neurodevelopmental disorder consists of seemingly diverse types of deficits: social reciprocity, language skills, and restricted repetitive and stereotyped patterns of behavior (American Psychiatric Association \[APA\], [@B3]). Individuals with autism also often show intact (if not enhanced) perceptual functioning (Mottron et al., [@B58]). Autism is a spectrum disorder, such that individuals who meet the diagnosis can have a wide range of severity of impairment in these three areas (Frith, [@B25]). Language impairments can vary widely, ranging from near absence of language or gestures in cases of low-functioning autism to the near normal language in high-functioning autism, but with persistent pragmatic communication difficulties (Frith and Happé, [@B26]). Social impairments include a lack of seeking to share enjoyment with others, a lack of emotional reciprocity, and marked impairment in the use of non-verbal behaviors such as eye-to-eye gaze (APA, [@B3]). Restricted repetitive and stereotyped patterns of behavior include repetitive motor mannerisms and inflexible adherence to specific routines (APA, [@B3]). As awareness about autism has increased dramatically in the past decade, so has research into the behavioral and biological characteristics of autism. This diverse set of behavioral impairments in autism provides a formidable research challenge, namely, to identify a biological mechanism that can explain all of them in a unified way.

The influential theory of autism known as "weak central coherence" (Frith, [@B25]) aimed to explain an extended set of behavioral characteristics of autism in behavioral terms. The theory proposed that underlying the distinct behavioral impairments of autism is a general deficit in the ability to integrate multiple information sources into a unified whole. This hypothesized integration deficit thus provided an account that can be applied to all three areas of impairments in autism. For example, impairments in social interactions can be attributed by weak central coherence theory to inadequate integration of many types of concurrent social information, such as the content and context of the dialog, the speaker\'s tone of voice, the speaker\'s facial expression and body language, the speaker\'s relationship with the listener, etc. Moreover, the sparing of certain behaviors can be explained in terms of the spared domains relying less on multiple information sources. Although the weak central coherence theory provides a compelling conceptual description that explains the clinical symptoms of autism, it does not indicate what specific cognitive or biological mechanism may underlie this general integration deficit. Several other cognitive-level theories of autism have also been proposed, including Theory of Mind disruption (Baron-Cohen et al., [@B7]), executive processing dysfunction (Ozonoff et al., [@B61]), complex information processing disorder (Minshew et al., [@B52]), and enhanced perceptual functioning (Mottron and Burack, [@B57]). While each of these theories accounts for some aspects of the behavioral symptoms of autism, neuroimaging research has the potential to identify a biological mechanism underlying and explaining the behavioral manifestations of this disorder in a unified account.

Since the advent of neuroimaging, autism researchers have attempted to use imaging methods to identify atypical characteristics of brain function and brain structure in autism. Magnetic resonance imaging (MRI) studies can be used to measure the size and properties of various gray and white matter structures in the brain. Functional MRI (fMRI) studies measure the brain activation in gray matter regions during the performance of various tasks. Furthermore, the synchronization of the activation between brain regions has been used as a measure of inter-regional coordination or functional connectivity. Recently, new techniques have been developed to measure the integrity of white matter pathways in the brain, providing a more precise characterization of anatomical connectivity. These neuroimaging techniques have explored differences between individuals with autism and neurotypical control individuals to investigate the possibility of localized deficits in specific areas of the brain in autism as well as network-wide disruptions throughout the brain.

What a number of fMRI studies examining brain activation in a diverse set of tasks collectively show is that the diverse behavioral symptoms of autism are not underpinned by the activity of any single brain area. Instead, these studies indicate that many different sets of brain areas are involved in the performance of tasks that show behavioral abnormalities in autism (see Di Martino et al., [@B21] for a recent meta-analysis). This outcome suggests that the disturbance underlying autism is more likely a non-localized disruption. Recent neuroimaging findings have led to the hypothesis that a network-wide disruption in brain connectivity may explain the varied set of behavioral impairments in autism.

Based on neuroimaging evidence of anatomical and functional connectivity disruptions in autism, Just et al. ([@B35], [@B34]) proposed the underconnectivity theory of autism. This theory suggests that the behavioral markers of autism are directly or indirectly caused by limitations of the communication between frontal and posterior brain regions, and predicts that these limitations will impact those tasks that require extensive coordinated functioning of frontal and posterior processing centers. For example, in both language comprehension and social interaction processes, fMRI studies have shown that extensive, coordinated activity between frontal and posterior brain areas is involved. The theory accounts for restricted repetitive and stereotyped patterns of behavior in terms of the inability of the frontal executive system to exert control over posterior processing centers. The theory characterizes spared behaviors as those that do not require extensive frontal--posterior coordination, such as some perceptual processes. Thus the theory posits a biological mechanism, frontal--posterior underconnectivity, which may be able to explain the full set of diverse impairments that characterize autism.

Neuroimaging studies have demonstrated that coordinated functioning of frontal and posterior processing centers is critical for the types of behavior in which individuals with autism are impaired. Language comprehension and production require the coordinated functioning of at least the inferior frontal gyrus (Broca\'s area, in the left hemisphere) and the posterior superior temporal gyrus (Wernicke\'s area, in the left hemisphere). Similarly, social processing requires the coordinated functioning of at least medial frontal areas and posterior (right-hemisphere dominant) areas, such as the temporo-parietal junction (associated with Theory of Mind processing), the superior temporal sulcus (associated with processing biological motion), and the fusiform gyrus (associated with face processing). Restricted repetitive and stereotyped patterns of behavior may arise as a result of poor coordination between frontal executive systems that guide attention through suppression or focus and posterior systems that execute the repeated behavior. The sparing of certain visuospatial abilities in autism may be due to these processes being less reliant on the participation of frontal systems and more reliant on posterior (parietal and occipital) systems. Thus, the full set of behavioral impairments that characterize autism may be explainable by impaired integration of frontal and posterior brain systems, caused by frontal--posterior underconnectivity.

Below we review different sources of evidence of underconnectivity in autism, including measures of both functional \[positron emission tomography (PET), fMRI, and electroencephalography (EEG)\] and anatomical connectivity (T1-weighted structural imaging, DTI, and histological analyses). Importantly, as pointed out by Horwitz ([@B30]), we note that methodological factors in measuring connectivity affect the inferences that can be drawn, and that because of this, the conclusions may differ depending on the particular way that connectivity is measured. Most neuroimaging studies only include high-functioning individuals (IQs in the normal range), and the majority of the studies reported here include only high-functioning individuals with autism spectrum disorders (ASD). One exception is that several structural imaging studies of children under 5 years of age do not restrict their ASD group based on IQ. We also consider the growing evidence of the relations between measures of connectivity and behavior. Finally, we discuss the implications of these findings for the treatment of autism and future directions for this area of research.

Functional Connectivity in Autism
=================================

In a groundbreaking paper in autism neuroimaging, Horwitz et al. ([@B31]) provided the first evidence that disrupted coordination among brain regions might be an important factor underpinning the behavioral manifestations of the disorder. This evidence was based on cross-participant, between-region correlations of regional cerebral glucose metabolism during rest, measured with PET. The striking finding from this study was that a group of adult males with autism showed a lower than normal degree of correlation between the level of metabolic activity in various activated brain regions, particularly when considering correlations between frontal and parietal regions. Interestingly, this study also found reduced across-subject correlations in autism for frontal--subcortical correlations of metabolic rates, but not for inter-hemispheric, homologous regions. It took over a decade for the next breakthrough to occur, a period of time during which fMRI methods were developed, which allowed for even more fine-grained, repeated measurement of task-related activation within the same participant. These new methods made it possible to extract a time series of the activation in each area and measure the correlations of the time series across areas within participants, rather than just within groups. In recent years, a variety of methods have been used to assess how functional connectivity compares between individuals with and without autism. Across many tasks and paradigms, the vast majority of studies of brain activity have reported converging findings of disrupted synchronization of brain activation in autism.

Functional connectivity is a measure of the synchronization, or covariance, of activation among different brain regions, and it is often interpreted as an indirect measure of the communication or coordination of processing between the regions. In fMRI studies, functional connectivity is typically measured by calculating the simple Pearson correlation coefficient between two time courses of activation measured in different regions. Moreover, the measurement of dyadic coordination rather than coordination among larger numbers of areas is simply a matter of convenience. Where appropriate, higher-order measures of coordination among a larger set of areas can be informative, showing for example, that the groupings of areas are different and smaller in autism in some tasks (Koshino et al., [@B45]). The more general issue concerns impaired communication between the frontal and posterior brain areas that concurrently perform a given task. If two brain areas show synchronized patterns of activation, it implies that they are performing their functions within some coordinated, coherent system, possibly involving dyadic communication and coordination between them; a better term for "functional connectivity" may have been *informational connectivity*. Measurements of functional connectivity can be used to examine how the communication between distinct brain areas differs between individuals with autism and neurotypical individuals.

Despite the fact that all studies of functional connectivity somehow measure inter-regional covariance of activation levels, the particular techniques used to assess this covariance can differ substantially across imaging modalities, laboratories, and studies. At the most basic level, the choice of imaging modality will determine the spatial and temporal resolution at which such covariance can be measured. As noted above, early PET studies (e.g., Horwitz et al., [@B31]) lacked the temporal resolution to evaluate functional connectivity within individual subjects, and later PET studies could only evaluate such connectivity at the temporal resolution of lengthy (e.g., 45-s) blocks of data acquisition (Castelli et al., [@B14]). With the advent of fMRI, these limitations on temporal resolution were removed, but different techniques resulted in functional connectivity being measured at different spatial resolutions.

One approach that is well-suited to fMRI measurement of the coordination of information processing involves averaging the activation time course of all the voxels in each region which have been shown to be activated in the task at hand. The analyses then examine the correlations among all pairs of these averaged time series in a given task (e.g., Just et al., [@B35]). Alternatively, voxel-based analyses can measure the synchronization between one seed region \[based on a single voxel or an average of all voxels in a predefined region of interest (ROI)\] and all the remaining voxels throughout the brain. This latter method focuses on measuring the synchronization between the activation in a specific brain structure and the rest of the brain, rather than examining connectivity between all possible pairs of regions, but allows group differences in this connectivity with a single region to be assessed in each voxel over the entire brain.

In the measurement of functional connectivity in fMRI, it is important to note which range of frequencies is being included in the measurement and with what rationale. The majority of fMRI studies of functional connectivity correlate activation measurements that occur once every second or 2 s during task performance. These studies focus on the synchronization of activation that is assumed to reflect conjoint modulations of the information processing activity in each of two regions. By contrast, a few fMRI studies of functional connectivity have instead examined only the slow activation changes (occurring over the course of 10 s or more) that are independent of task performance. (This is done by removing frequencies above 0.1 Hz.) This approach assesses whether the functional connectivity differences in autism are present in slower-changing biological activity unrelated to cognition. This review focuses on the findings of task-dependent functional connectivity differences in autism related to cognitive processing, but also includes the findings of task-independent functional connectivity.

Frontal--posterior functional connectivity in autism
----------------------------------------------------

The most consistent finding of functional connectivity differences in autism is a pattern of lower frontal--posterior functional connectivity relative to neurotypical individuals. Many studies have found decreased synchronization between whatever frontal and posterior regions are recruited for a given task. For example, in a task designed to require the integration of spatial processing and language comprehension, decreased functional connectivity was found in autism[^1^](#fn1){ref-type="fn"} between frontal language regions and parietal spatial processing regions (Kana et al., [@B36]). Participants had to judge sentences such as the following as true or false: *The number 8 when rotated 90*° *looks like a pair of eyeglasses*. Similarly, in a working memory task where participants were asked to judge whether a face they were viewing was the same as one seen previously, decreased functional connectivity was found in autism between frontal executive regions and the fusiform gyrus, an area involved in face processing (Koshino et al., [@B46]). This latter study illustrates that what is impaired in autism is not just the functioning of a particular brain area (although the activation in the fusiform gyrus was in a slightly offset location in autism), but that, in addition, the functional connectivity between the fusiform gyrus and frontal regions was abnormally low. Furthermore, this pair of studies illustrates the point that functional underconnectivity emerges between whatever frontal and posterior regions are centrally involved in the task. Almost all complex language, social, and executive tasks, precisely where behavioral deficits are typically found in autism, would be expected to show frontal--posterior functional underconnectivity. (An example of a task that might be expected not to draw heavily on frontal regions is a perceptual task that can be performed without strategic control, and this is also the type of task where one might expect sparing in autism. It will be interesting to learn about the functional connectivities among posterior regions in autism in such tasks, which have not yet been reported).

Similar findings of lower functional connectivity in autism in relevant frontal and posterior areas have been reported in a wide variety of cognitive tasks. For example, in a passage comprehension task in which participants had to make inferences about the characters' intentions, decreased functional connectivity in autism was found between frontal and parietal Theory of Mind areas, as well as between frontal language areas and parietal Theory of Mind areas (Mason et al., [@B50]). Figure [1](#F1){ref-type="fig"} depicts the frontal--posterior underconnectivity in autism during this task (where line width corresponds to the group difference in functional connectivity). In a Tower of London task, decreased functional connectivity in autism was found between frontal and parietal working memory areas (Just et al., [@B34]). In a task which required participants to make inferences about the intentions of computer-animated geometric figures, individuals with autism had lower functional connectivity between frontal and posterior Theory of Mind areas (Kana et al., [@B37]). In a reading comprehension task with sentences of varying complexity, underconnectivity was found in autism between frontal and posterior areas involved in language comprehension and working memory (Just et al., [@B35]). In a working memory task with alphabetic characters, lower functional connectivity was reported between frontal and parietal working memory areas (Koshino et al., [@B45]). In a complex inhibition task, functional connectivity was lower in autism between the frontal inhibition network and the inferior parietal lobe (Kana et al., [@B38]). In a cognitive control task, lower functional connectivity was reported in ASD between the frontal executive system and several posterior regions in the brain, including parietal working memory areas and the visual cortex (Solomon et al., [@B69]). In the context of a working memory task with faces and houses (similar to that of Koshino et al., [@B46], described above), lowered functional connectivity was found in ASD between the fusiform gyrus and the amygdala (both related to face processing), as well as between the fusiform gyrus and the posterior cingulate (Kleinhans et al., [@B44]). These studies collectively illustrate that functional underconnectivity has been observed in autism in a wide variety of frontal--posterior pairs. The communication between the members of each of these pairs is necessary for the integration of the multiple cognitive processes required for a given task. These findings support the underconnectivity theory\'s claim that decreased frontal--posterior connectivity in autism specifically affects behaviors that require the extensive coordinated functioning of frontal and posterior processing centers.

![**This diagram depicts functional underconnectivity, specifically between frontal and posterior areas, in autism during an inferential text comprehension task**. The *width* of each connecting line represents the *t*-value of the *difference in functional connectivity* between the participants with autism and the neurotypical participants. Blue nodes are frontal regions and red nodes are posterior regions. The widest lines (reflecting the greatest group differences) are those connecting frontal and posterior regions. Data from Mason et al. ([@B50]), with permission. MedFG, medial frontal gyrus; LIFG, left inferior frontal gyrus; RTPJ, right temporo-parietal junction; LMTG, left middle temporal gyrus; LMTGa, anterior left middle temporal gyrus.](fnsys-05-00010-g001){#F1}

Findings of underconnectivity in autism have also been reported in the absence of task performance, while participants are at rest. Such "resting state" studies offer the advantage of measuring the functional connectivity between different brain regions in spontaneous, naturally occurring patterns of brain activity. Studies of resting state in autism have revealed a "default network" of areas (very similar to the neurotypical default network), which includes the medial prefrontal cortex, anterior and posterior cingulate cortex, the precuneus, and the inferior parietal cortex (Cherkassky et al., [@B16]). The majority of resting state studies have found decreased functional connectivity in autism in both frontal--posterior pairs and other pairs. Decreased functional connectivity in autism during rest was found in 94% of possible pairs among the default network ROIs, including between the anterior cingulate and the posterior cingulate and precuneus (Cherkassky et al., [@B16]). In another study, decreased functional connectivity in ASD was found within the task-negative network (medial prefrontal cortex, posterior cingulate, and angular gyrus), but not in the task-positive network (intraparietal sulcus, superior precentral sulcus, and middle temporal gyrus; Kennedy and Courchesne, [@B43]). Functional connectivity was also found to be lower in ASD between the superior frontal gyrus and the posterior cingulate (Monk et al., [@B54]). Notably, Monk et al. ([@B54]) found that among posterior regions (involving posterior cingulate, temporal lobe, and parahippocampal gyrus), the functional connectivity was *higher* in ASD, providing a suggestion that connectivity among posterior regions may not only be unaffected in autism, but that there may be compensatory posterior overconnectivity. Decreased functional connectivity was also found in adolescents with ASD between the posterior cingulate and 9 of the 11 other default network regions, including medial prefrontal and superior frontal (Weng et al., [@B79]). These studies show decreased functional connectivity within the default network in autism while participants are at rest, suggesting that functional underconnectivity in autism is not necessarily dependent on the performance of overt complex cognitive tasks.

As mentioned above, task-independent functional connectivity has also been examined in autism. This method focuses on the synchronization of the task-independent, very low-frequency activation fluctuations that are not related to cognitive processing. It is unclear how this task-independent measure of synchronization is related to disruption of thought in autism. Nevertheless, several such studies have also found functional connectivity differences in autism between frontal and posterior areas. Functional underconnectivity in autism has been reported between the visual cortex and several frontal regions (Villalobos et al., [@B77]), and lower frontal--posterior connectivity was found in ASD both with and without regressing out task effects in an overt verbal fluency task (Jones et al., [@B33]). However, there have also been findings of increased frontal--posterior functional connectivity in ASD using this method (Noonan et al., [@B60]). The findings of atypical task-independent functional connectivity in autism may suggest that even at the biological level, differences are present in this disorder.

Functional connectivity in autism in pairs other than frontal--posterior
------------------------------------------------------------------------

Disturbances of functional connectivity in autism have also been reported between pairs of regions other than frontal--posterior pairs, but the findings in such pairs have been less consistent across studies, as shown in Table [1](#T1){ref-type="table"}. For example, lower functional connectivity in ASD has been reported between the amygdala and temporal and frontal regions (Monk et al., [@B55]), between the anterior cingulate and frontal eye fields (Agam et al., [@B1]), within a motor network consisting of primary and supplementary motor areas, anterior cerebellum, and the thalamus (Mostofsky et al., [@B56]), between the prefrontal cortex and premotor and somatosensory cortices (Lombardo et al., [@B49]), and between the fusiform gyrus and the amygdala, the posterior cingulate and the cuneus (Kleinhans et al., [@B44]). Based on activation results, Silk et al. ([@B68]) proposed a disruption in the frontostriatal network in ASD. While these studies all report functional underconnectivity in autism in non-frontal--posterior pairs, the findings vary across a wide variety of pairs of regions and across a large range of tasks, making it difficult to isolate a specific pattern of disturbance. Furthermore, the fact that two studies have reported *increased* functional connectivity in ASD in non-frontal--posterior pairs of areas (Welchew et al., [@B78]; Monk et al., [@B55]) further illustrates the variability of functional connectivity findings in autism for pairs of regions other than frontal--posterior pairs.

###### 

**Summary of fMRI functional connectivity results**.

  Task               Pairs of regions             Functional underconnectivity in autism
  ------------------ ---------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Task performance   Frontal -- posterior pairs   Just et al. ([@B35], [@B34]), Koshino et al. ([@B45], [@B46]), Kana et al. ([@B36], [@B38], [@B37]), Kleinhans et al. ([@B44]), Mason et al. ([@B50]), Solomon et al. ([@B69])
  Task performance   Other pairs                  Kleinhans et al. ([@B44]), Mostofsky et al. ([@B56]), Agam et al. ([@B1]), Lombardo et al. ([@B49]), Monk et al. ([@B55])
  Resting state      Frontal-- posterior pairs    Cherkassky et al. ([@B16]), Kennedy and Courchesne ([@B43]), Monk et al. ([@B54]), Weng et al. ([@B79])

Functional MRI studies of task-independent functional connectivity have also found group differences in other pairs of areas, often focusing on subcortical regions. Although decreased functional connectivity in autism was reported between the visual cortex and the thalamus and cerebellum (Villalobos et al., [@B77]), and between the superior frontal gyrus and the caudate (Turner et al., [@B75]), studies have also found increased connectivity in autism in many pairs involving subcortical regions. Increased functional connectivity in autism was reported between the thalamus and several areas throughout the cortex (Mizuno et al., [@B53]), as well as between the caudate and many other regions, including frontal regions, the cingulate, and the cuneus (Turner et al., [@B75]). Increased task-independent functional connectivity in ASD was also reported in frontal--frontal and posterior--posterior pairs (Noonan et al., [@B60]). The most consistent finding of increased task-independent functional connectivity in autism is in subcortico-cortical pairs. Because this method measures task-independent synchronization, it remains unclear how these findings may be related to the integration of cognitive processes during task performance, although they may suggest differences in autism even at the biological level.

As this section has illustrated, functional connectivity differences in autism have also been found in pairs of areas that are not frontal--posterior, in both task-dependent and task-independent measures. While the majority of studies report lower functional connectivity in autism in these other pairs, some studies have reported increased functional connectivity in autism, most often in subcortico-cortical pairs. It should be noted that all findings of overconnectivity in ASD come from studies using non-standard methods, such as psychophysiological interaction connectivity analysis (Monk et al., [@B55]), multidimensional scaling (Welchew et al., [@B78]), and task-independent functional connectivity analyses (Mizuno et al., [@B53]; Turner et al., [@B75]; Noonan et al., [@B60]), and, with the exception of Noonan et al. ([@B60]), all of these studies reported differences in pairs involving the amygdala or subcortical structures. Further research is necessary to determine if these findings of increased functional connectivity in autism reflect unique properties of subcortico-cortical connections in autism. In addition, several studies reported decreased functional connectivity in autism in non-frontal--posterior pairs, but this varied set of findings has yet to illustrate a clear pattern of disturbance. Future research in this area should be able to produce a more complete account of functional connectivity disturbances in autism, using a variety of tasks and measurement methods. It is possible that whatever biological mechanisms lead to frontal--posterior underconnectivity in autism may have also affected other connections, but to a lesser degree or less consistently. It may be that frontal--posterior connections are most strongly affected by the biological disturbance underlying autism, but functional connectivity differences may occasionally appear in any number of other connections.

Alternative methods of assessing functional connectivity
--------------------------------------------------------

Functional connectivity in fMRI data has also been measured with various other techniques. For example, independent component analysis (ICA) identifies temporally coherent networks by selecting spatially independent brain areas whose hemodynamic time courses closely co-vary. ICA is a data-driven method which does not rely on *a priori* ROIs or the performance of a cognitive task. An ICA examination of resting state fMRI data revealed that individuals with ASD had decreased strength of functional connectivity between both the precuneus and the anterior cingulate cortex and a default network consisting of the posterior cingulate cortex, the inferior parietal lobule, and the medial prefrontal cortex (Assaf et al., [@B4]). Thus, ICA is a novel technique which is producing findings in accordance with previous reports of functional underconnectivity in ASD during resting state (Cherkassky et al., [@B16]; Kennedy and Courchesne, [@B43]; Weng et al., [@B79]).

Another data-driven approach to measuring functional connectivity is the measurement of regional homogeneity (ReHo), which tests for local correlations in fMRI time series. This technique calculates the Kendall\'s coefficient of concordance (KCC) for each voxel with its neighboring voxels, thereby estimating the local connectivity of every voxel in the brain. While the two existing studies of ReHo in ASD have somewhat divergent results, both find decreased ReHo in young adolescents with ASD in the frontal lobe (Paakki et al., [@B62]; Shukla et al., [@B67]). However, while Shukla et al. ([@B67]) also found decreased ReHo in the superior parietal lobule and increased ReHo in the temporal lobe, Paakki et al. ([@B62]) instead found decreased ReHo in right superior temporal sulcus and cerebellum with increased ReHo in the right thalamus, left inferior frontal gyrus/subcallosal gyrus, and cerebellum. These divergent results may stem from methodological differences: Shukla et al. ([@B67]) calculated ReHo as the KCC of each voxel and its six neighboring voxels, while Paakki et al. ([@B62]) used 27 neighboring voxels. Thus, the two studies may be examining different levels of neuronal organization. Nevertheless, this method may provide new insight into local functional connectivity in ASD, although it is at yet unclear how this measure would relate to long-distance inter-regional functional connectivity. Graph theory is another tool now being used to characterize both functional and anatomical networks in the neurotypical brain (see Bullmore and Sporns, [@B11], for a review), and future research may apply these techniques to the investigation of underconnectivity in autism. Many novel techniques are being used to examine characteristics of brain connectivity and have the potential to further illuminate the characteristic properties of the brains of individuals with autism.

Yet another measure that has also shown differences in ASD is effective connectivity (Wicker et al., [@B80]), a measure that attempts to assess the influence of the activation in one region on the activation in another region (Friston, [@B24]). Wicker et al. ([@B80]) used structural equation modeling to assess effective connectivity in the BOLD response in a dynamic face processing task. The resulting findings of weaker path coefficients in ASD in many connections with the prefrontal cortex converge with Koshino et al.'s ([@B46]) findings of decreased frontal--posterior functional connectivity in a working memory task with faces, discussed above. A potential contribution of effective connectivity measures seems most likely in cases where there might be a group difference in the inter-regional control relations. However, the activity among association areas may be too interactive to allow detection of differences in inter-regional influence.

Finally, functional connectivity differences in ASD have also been found through other imaging methods, including PET (Castelli et al., [@B14]), EEG (Murias et al., [@B59]), and magnetoencephalography (MEG; Coskun et al., [@B18]). While fMRI and PET measure the blood flow in the brain on the order of seconds, EEG and MEG measure electrical and magnetic signals of neuron firing on the order of milliseconds and, therefore, may reflect properties of brain function that are distinct from those revealed by fMRI data. However, EEG studies have also found reduced long-range coherence in ASD between frontal and posterior areas in both the alpha band (Murias et al., [@B59]) and the delta band (Barttfeld et al., [@B8]), as well as elevated short-range coherence in both the theta band (Murias et al., [@B59]) and the delta band (Barttfeld et al., [@B8]). Furthermore, Barttfeld et al. ([@B8]) used graph theory metrics to determine that the network of activated brain regions is less well organized in ASD, as reflected by longer path lengths, less clustering, and increased modularity. While the focus of this review is on functional connectivity as measured in fMRI data, current work in EEG is also providing insights into the characteristics of brain connectivity in autism.

Anatomical Connectivity in Autism
=================================

The lower frontal--posterior functional connectivity in autism might be attributable to an impairment in anatomical connectivity. (It is also logically possible for the functional connectivity between two areas to be poor because of the communication protocols rather than the carrier anatomical link.) The anatomical evidence that is most relevant to underconnectivity is that by adulthood, individuals with autism tend to have more poorly developed white matter pathways relative to neurotypical individuals, as described below. Evidence from several neuroimaging methods has also revealed an atypical developmental pattern of cortical connectivity in autism. Individuals with autism show a large increase in white matter growth in very early childhood, followed by a period of relatively slowed growth. There are several sources of evidence of white matter abnormalities in autism that can affect connectivity.

Volume measurements of white matter in autism
---------------------------------------------

Infants who are later diagnosed with ASD show typical brain characteristics at birth, but shortly thereafter show atypically fast brain growth. Based on measurements of head circumference (a rough estimate of brain size), newborns with ASD had slightly smaller head circumferences than typical infants, but then showed an atypically large increase in head size within the first 6--14 months of age, resulting in atypically large head circumferences (Courchesne et al., [@B19]). Structural MRI measurements of brain volumes have revealed converging evidence of increased volumes in children with autism between the ages of 2 and 4 years in both cerebral gray and white matter. Ninety percent of 2- to 4-year-olds with autism had increased brain volumes in gray and white matter relative to neurotypical children (Courchesne et al., [@B20]). Greater brain volumes in 2- to 4-year-olds with autism were more pronounced in the frontal lobe, with no differences in the occipital lobe (Carper et al., [@B12]). Together, these findings suggest that children with autism show atypically rapid increases in frontal gray and white matter in the first 2 years of life.

The pattern of rapid brain growth in autism reverses around age 4, such that children with autism then show a decreased rate of brain growth in white matter from ages 3 to 12 (Courchesne et al., [@B20]). Neurotypical children showed a 59% increase in white matter volume during this time period, while children with autism showed only a 10% increase. Greater volume of white matter was found, particularly in frontal radiate white matter in 5- to 11-year-olds with autism, as well as volumetric increases and decreases in a number of other regions, indicating the disruption of the white matter (Herbert et al., [@B29]). The period of slowed growth eventually results in a smaller volume of white matter in adolescents with autism relative to neurotypical adolescents (Courchesne et al., [@B20]). A similar pattern was found in cortical gray matter. Thus, brain volume measurements have revealed that the rate of brain growth in autism slows after age 4, leading to a decreased volume of white matter in adolescents with autism relative to neurotypical adolescents. Given that white matter is the medium which is used for inter-regional brain communication, it seems incontrovertible that brain connectivity is disrupted in autism.

The presence of a temporary excess of white matter in children with autism does not necessarily denote superior connectivity. These data simply indicate that white matter in the frontal lobe is increasing in volume earlier in children with autism than in neurotypical children. However, the white matter may not be developing properly during its rapid growth in autism. Therefore, it is useful to also examine the quality of white matter in individuals with autism using diffusion tensor imaging.

Diffusion tensor imaging assessment of white matter in autism
-------------------------------------------------------------

Diffusion tensor imaging methods can be used to examine the integrity of white matter tracts in the brain. This technique measures the movement of water molecules as they diffuse along white matter tracts, reflecting characteristics of white matter architecture. An increasing number of studies are finding areas of lower structural integrity in autism.

Children with autism show areas of decreased white matter integrity relative to typically developing children, similar to the developmental pattern reflected in volume measurements of white matter. Fractional anisotropy (FA) is a measure of the coherence of diffusion directionality, such that lower FA suggests decreased white matter integrity. FA was found to be reduced in children and adolescents with autism in white matter adjacent to the prefrontal cortex, the anterior cingulate, and the temporo-parietal junctions (Barnea-Goraly et al., [@B6]). Lower FA has also been reported in adolescents with autism in frontal--temporal pathways (Sahyoun et al., [@B65]). Decreased white matter integrity was found in both adolescents and children with ASD in the arcuate fasciculus, which connects frontal and posterior language regions (Fletcher et al., [@B22]; Kumar et al., [@B47]). FA was lower in short- but not long-range fibers in the frontal lobe in individuals with ASD as young as 5 (Sundaram et al., [@B71]). Thus, many studies have shown that older children and adolescents with autism show reduced white matter integrity in the frontal lobe, relative to typically developing children.

However, several studies involving children with ASD of varying age ranges have found areas of not only decreased but also increased FA in ASD (ages 1--3 years old: Ben Bashat et al., [@B9]; ages 6--14 years old: Cheung et al., [@B17]; Ke et al., [@B39]; ages 10--18 years old: Cheng et al., [@B15]). Such heterogeneous findings might arise because of large variance due to rapid developmental changes in the integrity of white matter in autism during this period of childhood. Despite the inconsistencies of DTI findings in such young children with autism, older children and adolescents with autism consistently show decreased white matter integrity relative to their neurotypical peers.

Decreased white matter integrity in autism has been found to persist into adulthood. Several clusters of decreased FA near the corpus callosum in the frontal and temporal lobes were reported in autism participants between the ages of 10 and 35 (Keller et al., [@B42]). Lower FA was also reported in individuals with ASD from ages 7 to 33 in the corpus callosum (Alexander et al., [@B2]) and in the temporal lobe (Lee et al., [@B48]). Thus, decreased white matter integrity persists into adulthood, possibly constituting the biological basis of the decreased functional connectivity in adults with autism.

It is as yet undetermined how early brain overgrowth in autism may be related to decreased white matter integrity in adulthood. It is noteworthy that early brain overgrowth is greatest in the frontal lobe, while impaired functional connectivity later in life is most prevalent in synchronizations between the frontal lobe and more posterior regions. Evidence of smaller and more numerous cortical minicolumns in autism in the frontal and temporal lobes (Casanova et al., [@B13]) may suggest an increased formation of short-range connections within these lobes. Such increased short-range connectivity may be the cause or consequence of poor inter-regional connectivity. Future investigation of the molecular origins underlying brain connectivity differences in autism may further illuminate the connectivity phenomena.

Relating Functional Connectivity, Anatomical Connectivity, and Behavior in Autism
=================================================================================

The underconnectivity theory of autism proposes that anatomical and functional connectivity are related, and that both of these measures should be related to behavior. Findings of correlations across subjects between functional connectivity, anatomical connectivity, and behavior provide support for this hypothesis. In fact, neuroimaging studies have shown evidence of such relations between each of these measures of connectivity and behavior.

Relating functional connectivity and behavior in autism
-------------------------------------------------------

If decreased functional connectivity is truly a neural mechanism underlying behavioral impairments of autism as proposed, one would expect functional connectivity measurements to be related to behavioral markers of autism. Several studies have found a relation between functional connectivity measures and measures of autism characteristics as measured by the Autism Diagnostic Observation Schedule (ADOS) and the Autism Diagnostic Interview-Revised (ADI-R). The ADOS and ADI-R are diagnostic tools that measure behavioral characteristics of autism. The ADOS has subscores for social behavior and communication, which are combined into a total score. The ADI-R has three separate scores for reciprocal social interaction, communication and language, and restricted and repetitive, stereotyped interests and behaviors. Although these measures were developed to optimize their diagnostic rather than their psychometric properties (e.g., the range of scores on these tests is fairly low among people with high-functioning autism), they nevertheless produce sensible correlations with functional and anatomical connectivity measures. One study found that high-functioning individuals with more severe cases of autism (higher total ADOS score) had lower frontal--parietal functional connectivity (Just et al., [@B34]). Other studies have also shown that individuals with ASD with poorer social functioning (high ADI-R social score) have lower functional connectivity between the superior frontal gyrus and posterior cingulate (Monk et al., [@B54]; Weng et al., [@B79]). Lower functional connectivity between frontal structures and the posterior cingulate was found in participants with more severe repetitive behaviors (Weng et al., [@B79]). These findings suggest that impaired frontal--posterior functional connectivity may be directly related to more severe autistic traits in language, social functioning, and repetitive behaviors.

There have also been reports of increased functional connectivity in non-frontal--posterior pairs in individuals with more severe autistic traits. The higher functional connectivity between posterior regions may develop in some people with autism in compensation for decreased connectivity between frontal and posterior areas, with more such compensation in cases with poorer frontal--posterior connectivity. Adolescents with ASD who had higher functional connectivities within various areas of the default network during rest had lower abilities in both verbal and non-verbal communication (Weng et al., [@B79]). Higher functional connectivity between the posterior cingulate and the parahippocampal gyrus was associated with more severe repetitive behaviors (Monk et al., [@B54]), as was higher functional connectivity between the anterior cingulate and the frontal eye fields (Agam et al., [@B1]).

Individuals with autism with the most impaired inter-regional communication between frontal and posterior areas also show larger behavioral deficits. Thus, if an intervention were able to facilitate the communication between frontal and posterior processing centers in individuals with autism, this may result in improvements in the behavioral impairments associated with autism.

Relating anatomical connectivity and behavior in autism
-------------------------------------------------------

Studies have also found relations between anatomical connectivity and behavioral markers of autism. Lower FA (lower white matter integrity) was related to more severe disruptions manifested in social function, communication, and repetitive behaviors (as measured by ADI-R scores; Cheung et al., [@B17]). This finding suggests that decreased anatomical connectivity may lead to greater behavioral impairments in autism. Specifically, decreased integrity in fronto-striato-temporal pathways was related to more impaired social functioning and communication abilities, while decreased integrity in more anterior and posterior pathways, including the splenium of the corpus callosum, was related to more severe repetitive behaviors. Lower FA (specifically in the white matter underlying the anterior cingulate cortex) was also associated with more severe ADI-R repetitive behavior scores (Thakkar et al., [@B73]). The majority of findings have shown that decreased integrity in white matter tracts is associated with more severe autistic behaviors, suggesting that impaired anatomical connectivity may underlie the behavioral characteristics of autism.

Relating functional and anatomical connectivity in autism
---------------------------------------------------------

Several studies have reported correlations between functional connectivity and corpus callosum area measurements in autism. The corpus callosum is a major white matter tract connecting the two hemispheres, and many studies have reported smaller corpus callosum sizes in ASD (Vidal et al., [@B76]; Hardan et al., [@B28]; Keary et al., [@B40]). Although this effect has not always been found at lower magnetic field strengths (0.5--1.5 T: Gaffney et al., [@B27]; Rice et al., [@B64]; Tepest et al., [@B72]), two meta-analyses found that smaller corpus callosum size in ASD is significant across MRI studies (Stanfield et al., [@B70]; Frazier and Hardan, [@B23]). Furthermore, magnetic field strength was shown to be a marginally significant predictor of group differences, such that stronger magnets show larger discrepancies in corpus callosum size between ASD and neurotypical participants (Frazier and Hardan, [@B23]). Because the corpus callosum is such a critical pathway in the brain and is often found to be smaller in autism, corpus callosum size is sometimes used as an index of general anatomical connectivity in the brain. Several studies have found measures of functional connectivity to be positively correlated with corpus callosum size in autism (Cherkassky et al., [@B16]; Kana et al., [@B36]; Just et al., [@B34]; Mason et al., [@B50]), as illustrated in Figure [2](#F2){ref-type="fig"}. Furthermore, in all of the above studies, this correlation was not found in the control group, suggesting that only in autism is communication between distinct brain areas constrained by impaired anatomical connectivity.

![**Correlations between functional and anatomical connectivity**. Functional connectivity is correlated with corpus callosum size in autism participants **(A)** but not control participants **(B)**. Adapted from Just et al. ([@B34]).](fnsys-05-00010-g002){#F2}

Implications for the Treatment of Autism
========================================

The body of work described in this article provides substantial evidence that behavioral impairments in autism may be caused by limitations in brain connectivity. These findings suggest that it may be fruitful to develop intervention methods that aim to improve inter-regional communication in the brain in individuals with autism.

Functional MRI evidence has shown that it is possible to observe increases in functional connectivity through learning over a very short time period in neurotypical participants (Büchel et al., [@B10]). Schipul et al. ([@B66]) examined functional connectivity during learning in autism: participants both with and without autism learned to discriminate between lying and truth-telling avatars (animations of human-like speakers) over the course of a 20-min experiment. The results showed that the functional connectivity increased in both the autism and control groups as they learned to perform the task, but the control participants showed a much larger increase in functional connectivity than the autism participants throughout the brain. These findings suggest that as participants practice a task and learn new strategies, inter-regional communication may increase, perhaps contributing to improved behavioral performance. Therefore, autism intervention methods that incorporate guided repetition of tasks involving frontal--posterior coordination may be able to temporarily or permanently improve inter-regional brain communication.

White matter connectivity has been shown to be amenable to such intervention. A study of children with impaired reading ability found that after 100 h of intensive remedial instruction in reading, the structural integrity increased in the specific white matter structure that was previously impaired in these children (Keller and Just, [@B41]). Moreover, the degree of white matter improvement was correlated with the degree of reading improvement. This finding suggests that it is possible to improve the wiring of the brain through behavioral training. Therefore, it may be possible to design intervention methods for autism which will improve the anatomical connectivity and inter-regional communication in the brain, which may lead to improvements in behaviors that are often impaired in autism.

Relation to Other Disorders
===========================

Altered functional connectivity has also been found in other disorders, including schizophrenia (Meyer-Lindenberg et al., [@B51]), attention deficit hyperactivity disorder (Tian et al., [@B74]), multiple sclerosis (Au Duong et al., [@B5]), and dyslexia (Pugh et al., [@B63]). These findings suggest that disordered brain connectivity may underlie a variety of cognitive impairments. While autism is primarily associated with frontal--posterior underconnectivity, preliminary evidence suggests that these other disorders are linked with impairments in other types of connections (Pugh et al., [@B63]; Meyer-Lindenberg et al., [@B51]; Au Duong et al., [@B5]; Tian et al., [@B74]). Therefore, the location of the impaired connections may be specific to the associated cognitive impairments. For example, dyslexia, which impairs reading, has been associated with underconnectivity between the angular gyrus, an area implicated in reading, and occipital and temporal regions (Pugh et al., [@B63]). Furthermore, the disordered functional connectivity associated with each of these disorders may arise for different reasons and may be either a cause or a consequence of the disorder. Moreover, the disordered functional connectivity can arise at different times in development: whereas disordered brain connectivity appears in childhood in autism, it may not arise until later in disorders such as schizophrenia, whose symptoms first appear at a much later age than autism. The impairments associated with the various psychiatric disorders include hallucinations, disorganized speech, attention problems, hyperactivity, and reading difficulties, illustrating the wide range of effects that may be associated with disordered brain connectivity. Thus, assessments of functional and anatomical connectivity may be able to provide useful insights into a number of neurological and psychiatric illnesses, but the basis of any connectivity disorder may vary from illness to illness. But regardless of its basis, disordered brain connectivity can give rise to a wide variety of behavioral impairments, indicating the centrality of brain connectivity to all types of cognition.

Future Directions
=================

The majority of the functional connectivity studies reviewed above involved adult participants with high-functioning autism. In order to fully explain this disorder, especially in light of the anatomical findings of the atypical development of white matter, it is necessary to examine functional connectivity throughout development. Furthermore, it is also important to include participants with autism across all IQ levels. While it is difficult to collect functional imaging data in the context of complex task performance in young children and individuals with low IQs, it is feasible to collect resting state fMRI data in these populations. It is important that future research determine to what degree underconnectivity applies to different age and IQ ranges within the autism population.

It will also be important for future research to explore the links between functional connectivity and diffusion tensor imaging measures of white matter integrity. Biologically realistic neural models also have great potential to examine the relationship between functional connectivity and anatomical connectivity (Horwitz et al., [@B32]).

Conclusion
==========

Recent findings of atypical patterns in both functional and anatomical connectivity in autism have established that autism is a not a localized neurological disorder, but one that affects many parts of the brain in many types of thinking tasks. fMRI studies repeatedly find evidence of decreased coordination between frontal and posterior brain regions in autism, as measured by functional connectivity. Furthermore, neuroimaging studies have also shown evidence of an atypical pattern of frontal white matter development in autism. These findings indicate that limitations of brain connectivity give rise to the varied behavioral deficits found in autism. As research continues to explore these biological mechanisms, new intervention methods may be developed to help improve brain connectivity and overcome the behavioral impairments of autism.
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